Anti-ganglioside antibodies (Abs) are strongly associated with axonal forms of Guillain Barré syndrome (GBS). Some studies indicate that these Abs, including those with GD1a reactivity, are associated with poor prognosis and/or incomplete recovery. We recently demonstrated that a disease-relevant anti-ganglioside Ab with GD1a reactivity inhibits axon regeneration after PNS injury in an animal model (Lehmann et al., 2007). An implication of these findings is that anti-GD1a Abs can mediate inhibition of axon regeneration and limit recovery in some patients with GBS. The downstream inhibitory intracellular signaling that mediates anti-ganglioside Ab-induced axon inhibition remains unclear. In the current study, we show that disease-relevant and GBS patient's anti-ganglioside Abs can inhibit neurite outgrowth in dissociated primary neuronal cultures. Activation of small GTPase RhoA and its key downstream effector Rho kinase (ROCK) are critical mediators of growth cone and neurite outgrowth inhibition. Therefore, we examined the role of these intracellular signaling molecules in our primary neuronal cultures by molecular and pharmacologic approaches. Our results show that the Ab-mediated inhibition of neurite outgrowth involves the activation of RhoA and ROCK pathway and this activation is through the engagement of specific cell-surface gangliosides by Abs. In summary, these studies directly link patient autoantibodies to an intracellular inhibitory signaling pathway involved in anti-ganglioside Abmediated inhibition of neurite outgrowth.
Introduction
Guillain-Barré syndrome (GBS) remains a major public health burden. Most affected individuals have an uneventful recovery, but a significant proportion of patients require mechanical ventilation and 20% have severe and permanent neurologic sequelae, including 10% who cannot walk unaided (Ropper et al., 1991; Rees et al., 1998; Hughes and Cornblath, 2005) . The prevalence and health costs of post-GBS cases with residual deficits are not known. Patients with residual deficits and significant disability almost always have axonal injury and target denervation; recovery thus requires regeneration from the site of axonal transection. Although the adult mammalian PNS regenerates readily after injury, the mechanisms underlying failure of axon regeneration in GBS cases with permanent neurologic sequelae are beginning to unravel (Lehmann et al., 2007; Lopez et al., 2010; Sheikh and Zhang, 2010) .
Anti-ganglioside antibodies (Abs) are the most commonly recognized autoimmune markers in all forms of GBS (Willison and Yuki, 2002) . Association between certain variants of GBS and specific anti-ganglioside Abs is now widely accepted (Willison and O'Hanlon, 1999; Yuki, 2001; Willison and Yuki, 2002; Hughes and Cornblath, 2005; Willison, 2005) . The full spectrum of anti-ganglioside Ab-mediated pathobiologic effects and associated mechanisms remain to be defined. Several studies suggest that some GBS patients with anti-ganglioside Abs directed against GM1, GD1a, or ganglioside complexes have poor prognosis and/or incomplete recovery (Ilyas et al., 1992; Gregson et al., 1993; Simone et al., 1993; Yuki et al., 1993; Jacobs et al., 1996; Bech et al., 1997; Kuwabara et al., 1998a,b; Carpo et al., 1999; Press et al., 2001; Annunziata et al., 2003; Koga et al., 2003; Kaida et al., 2007) . We recently demonstrated that experimental monoclonal and GBS patient-derived anti-ganglioside Abs can inhibit regeneration of injured axons in an animal model (Lehmann et al., 2007; Lopez et al., 2010) , suggesting that Ab-mediated inhibition of nerve repair is one mechanism of delayed recovery. The cellular and molecular mechanisms of this Ab-mediated inhibition of axon regeneration are not clear.
We have now established primary neuron culture models to study molecular mechanisms involved in Ab-mediated inhibition of axon regeneration. In this study, we show that experimental and patient-derived anti-ganglioside Abs inhibit neurite outgrowth. Our studies indicate that anti-ganglioside Abs induce activation of small GTPase RhoA and its downstream effector Rho kinase (ROCK) by engaging cell-surface gangliosides/gly-cans. This Ab-mediated outside-in signaling modulates growth cone morphology and behavior, which is related to inhibition of neurite elongation.
Materials and Methods
Monoclonal anti-ganglioside Abs and patient sera. Two IgG monoclonal Abs (mAbs) were used in this study because they have been tested previously in an animal model of axonal regeneration (Lehmann et al., 2007; Lopez et al., 2010) . Anti-GD1a/GT1b IgG2b (GD1a/GT1b-2b) mAb is prototypic Ab, which has been extensively characterized in our previous studies (Lunn et al., 2000; Gong et al., 2002; Zhang et al., 2004) , including its capacity to severely inhibit axon regeneration in an animal model (Lehmann et al., 2007) . This mAb was compared with anti-GM1 IgG2b mAb (GM1-2b), which does not induce inhibition of axon regeneration in the same animal model (Lopez et al., 2010) . The details of these antiganglioside mAbs, including generation, specificity, purification, and designation, were reported previously (Lunn et al., 2000; Gong et al., 2002 ). An irrelevant mouse IgG-2b mAb (Abcam) was used as a negative control Ab. Purified mAbs were used in all assays.
Sera from seven patients (six from Northern China and one from the United States) with GBS (acute motor axonal neuropathy) and high titers of IgG anti-GD1a Abs, collected during the acute phase of the disease, were used for these studies. Serum from a normal healthy volunteer without reactivity against major nerve gangliosides or intravenous Ig was used as negative control. IgG fractions were prepared from GBS or control sera by using a protein G Sepharose column (GE Healthcare) according to the instructions of the manufacturer. Purified IgG fractions were used for all studies.
Cell line. NG108-15 is a neuroblastoma ϫ glioma hybrid neural cell line that expresses various gangliosides, including GD1a (Dahms and Schnaar, 1983; Wu et al., 2001 ). The cells were cultured in a 5% CO 2 humidified atmosphere at 37°C in DMEM supplemented with 5% heat-inactivated fetal bovine serum (FBS) plus a supplement of HAT (0.1 mM hypoxanthine, 0.4 M aminopterin, and 16 M thymidine). These cells were grown to a high density (confluence) and passaged every 2-3 d before use (see below).
Primary rat dorsal root ganglion neurons culture. Dissociated dorsal root ganglion (DRG) neuronal cell cultures were collected from embryonic day 15 (E15) or postnatal days 5-8 Sprague Dawley rat dorsal root ganglia, as described previously (Eldridge et al., 1987) . Only postnatal rat DRGs were incubated with 0.2% Collagenase I (Worthington), and both embryonic and postnatal DRGs were treated with 0.25% trypsin with EDTA (Invitrogen) after dissection. The tissue was triturated with tippolished Pasteur pipette. After passing through a 40 m cell strainer, these neurons were then placed onto glass coverslips (Thermo Fisher Scientific) coated with 50 g/ml poly-D-lysine (Sigma-Aldrich) at 5000 cells per well in 24 well plates (BD Biosciences). Both embryonic and postnatal neuronal cultures were maintained in Neurobasal medium (Invitrogen) containing 0.25% (v/v) heat-inactivated FBS (Hyclone), 2 M L-glutamine, 2% B27 serum-free supplement (Invitrogen), and 50 ng/ml nerve growth factor (Sigma-Aldrich). Dissociated adult mouse DRG neuron cultures. Eight-to 10-weekold wild-type (C57BL/6) and Galgt1-null (UDP-N-acetyl-D-galactosamine: GM3/GM2/GD2 synthase; EC 2.4.1.92) mice were used for establishing DRG neuron cultures, as described (Malin et al., 2007) . Galgt1-null mice lack complex gangliosides, including GD1a, and express only simple gangliosides GM3 and GD3 (Sheikh et al., 1999) , which allowed us to examine the role of cell-surface gangliosides in anti-ganglioside Ab-mediated pathobiologic effects on neurite outgrowth. These mouse DRG neurons were cultured in F-12 culture medium (Invitrogen) containing 10% FBS plus 1% penicillin/streptomycin (Invitrogen).
Primary motor neuron culture. Motor neurons were purified from the spinal cords of E15 Sprague Dawley rat embryos as described (Vincent et al., 2004) . Briefly, the dorsal half of the cords were removed using a scalpel, and the ventral cords free of perineural membranes were chopped into little pieces. The cells were then dissociated by incuba- Figure 1 . Ganglioside profile of DRG neurons. A, B, Rat embryonic (A) and postnatal (B) DRG neurons immunostained with GD1a/GT1b-2b. Scale bars, 50 m. C, TLC profile of gangliosides extracted from embryonic rat DRGs (right lane) compared with bovine brain standards (GM1, GD3, GD1a, GD1b, and GT1b; left lane). Gangliosides were detected with resorcinol-HCl-Cu 2ϩ reagent. D, TLC immuno-overlay. Standard brain gangliosides (left lanes) and embryonic DRG gangliosides (right lanes) were resolved on four replicate aluminum-backed TLC plates. After running, the plates were blocked and two plates (as indicated) were incubated for 2.5 h with 50 U/ml sialidase to cleave terminal sialic acids from complex gangliosides, leaving GM1. The other two plates were incubated with buffer alone. After washing, all plates were overlaid as indicated with GD1a/GT1b-2b or GM1-2b overnight, washed, overlaid with secondary antibody (alkalinephosphatase-conjugated goat anti-mouse IgG), washed, and antibody binding detected with nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate. tion in 0.05% trypsin with EDTA for 15 min at 37°C, followed by gentle trituration with a polished glass Pasteur pipette and differential centrifugation. Motor neuron growth culture media containing Neurobasal medium (Invitrogen) were supplemented with various additives, which were all from Sigma-Aldrich unless otherwise stated, including 2% B27 serum-free supplement (Invitrogen), 2.5 mg/ml albumin, 2.5 g/ml catalase, 0.01 mg/ml transferrin, 15 g/ml galactose, 6.3 ng/ml progesterone, 16 g/ml putrescine, 4 ng/ml selenium, and 1ϫ penicillin/streptomycin.
Neurite outgrowth assay. The primary motor and sensory neuronal cultures were treated with different anti-ganglioside mAbs (10 -100 g/ ml) or GBS patient-derived IgG fractions (300 -500 g/ml of the purified IgG) 30 min after cell plating. After 24 h incubation with the mAbs or patient IgGs, cells were fixed with 4% paraformaldehyde and stained with a neuron-specific Ab against ␤-III-tubulin (1:5000; Promega), followed by an IgG1-specific Alexa Fluor-conjugated Ab (1:200; Invitrogen). Molecular and pharmacological approaches were used to determine the role of RhoA GTPase and ROCK. In some studies, dissociated DRG neurons were transfected with green fluorescent protein (GFP)-tagged dominant-negative (DN) constructs of RhoA GTPase before treatment with GD1a/GT1b-2b mAb (see below). The chemical approach included treatment of DRG neurons with a RhoA inhibitor, C3-transferase (25 g/ml; Cytoskeleton), and/or ROCK inhibitor, Y27632 (10 M; Calbiochem), before adding anti-ganglioside mAbs or IgG fractions from sera. Images were acquired from randomly selected fields (n ϭ 8 -12), and the longest neurite of 80 -120 neurons per condition (embryonic and postnatal) or neurite density (adult mouse cultures) was measured by using either Carl Zeiss software according to the manual of the manufacturer or NIH ImageJ, a public domain image processing program (http://rsb.info.nih.gov/ij). Each experimental condition was done in duplicate wells, and at least three independent experiments were conducted to acquire the final results. Data are presented as the mean Ϯ SE neurite length.
Schwann cell-depleted DRG cultures. Schwann cell-depleted cultures were generated by repeated AraC treatment to demonstrate that the inhibitory effect is at the level of DRG neurons. Mixed DRG cultures were plated as above for 24 h. These DRG cultures were continuously treated with AraC (10 Ϫ6 M for 1 week), as described (Melli et al., 2006) , and examined immunocytochemically with rabbit anti-S100 (1:500; Sigma) and mouse anti-␤-III-tubulin to assess the presence of Schwann cells. Our results showed that, after AraC treatment, Ͻ5% of cells stained for S100 in DRG cultures. For inhibition assays, DRG cultures were treated with AraC as above and then incubated with GD1a/GT1b-2b overnight/24 h, and neurite length was determined as described above.
Studies with Fab fragments. Experiments with Fab (fragment antigen binding) fragments were done to examine whether bivalent binding is necessary to induce inhibition. Fabs were prepared from mAb, GD1a/ GT1b-2b, by papain digestion with a commercially available kit according to the instructions of the manufacturer (Pierce). We confirmed that Fabs do not form multimeric complexes in solution by nonreducing SDS-PAGE, which showed a single band, indicating that Fabs are monomeric in solution. Fabs (50 -100 g/ml) were compared with the parent whole IgG (50 -100 g/ml) in DRG neurite outgrowth assays as described above.
Transfection of DRG neurons. A GFP-tagged DN construct of RhoA GTPase (Ruchhoeft et al., 1999) was used for the transfection. Embryonic DRG neurons were transfected with this DN construct by using either Lipofectamine (Invitrogen) or Nucleofector (Amaxa), according to the protocols of the manufacturers. Because of the low efficiency of transfection in primary neuronal cultures, the cationic lipid and electroporation results were combined to acquire the final results.
Determination of RhoA activation by ELISA. DRG neuron cultures were established as described above. These cultures were serum starved before incubation with different concentrations of anti-ganglioside mAbs (1-100 g/ml) and patient-derived IgG fractions (1:10 to 1:50 dilution) for various intervals (0 -120 min). Cells were lysed, and the level of GTPbound activated fraction of RhoA was determined according to the instructions of the manufacturer (Cytoskeleton).
Affinity precipitation of GTP-bound RhoA. DRG cultures could not be used for these studies because a large amount of cell lysates were required for such studies. NG108-15 cell line was used for this purpose. Studies were performed to establish that GD1a/GT1b-2b mAb induces inhibition of neurite outgrowth in this cell line. GTP-bound RhoA was affinity precipitated using a RhoA activation assay kit (Millipore Corporation). NG018-15 cells were grown in DMEM containing 10% FBS and HAT supplement. Twenty-four hours before Ab treatment, cells were maintained in serum-free medium. Cells were treated for 30 min with GD1a/ GT1b-2b or sham Ab. After washing, cells were lysed with lysis buffer, and GTP Rho was affinity precipitated using a Rho-binding domain of Rhotekin beads following the instructions of the manufacturer. Bound Rho proteins were detected by Western blotting using a monoclonal Ab against RhoA (Millipore Corporation).
Growth cone collapse assay. Cells were seeded at low density (1000 cells per well) on glass coverslips in 24-well plates. After 16 h, cells were incubated for 30 min or overnight with GD1a/GT1b-2b (50 g/ml) or sham Ab (50 g/ml), fixed, and stained with a monoclonal IgG anti-␤-III- Figure 2 . GD1a/GT1b-2b mAb inhibits neurite outgrowth in various primary dissociated neuronal cultures. A, B, Embryonic DRG neurons treated with GD1a/GT1b-2b mAb have shorter neurites (B) compared with sham Ab-treated cells (A). C, D, Postnatal DRG neurons treated with GD1a/GT1b-2b mAb have shorter neurites (D) compared with sham Ab-treated cells (C). Scale bars, 50 m. E, GD1a/GT1b-2b mAb significantly inhibits neurite outgrowth of embryonic rat DRG neurons, whereas GM1-2b and sham Abs do not inhibit neurite outgrowth. F, GD1a/GT1b-2b mAb induces dose-dependent inhibition of neurite outgrowth in rat embryonic DRG neurons. G, H, GD1a/GT1b-2b mAb inhibits the neurite outgrowth of dissociated rat primary postnatal DRG neurons (G) and spinal motor neurons (H ). *p Ͻ 0.05. Control, Cultures without sham or anti-ganglioside Ab treatment.
tubulin Ab or Alexa Fluor 546-conjugated phalloidin (1:50; Invitrogen). Images were acquired, and growth cones were analyzed for collapse and simplification, i.e., number of filopodia/growth cone. Growth cone area was analyzed by creating a region of interest (ROI) that circumscribed the growth cone. The ROI area was measured with NIH ImageJ for at least 40 neurons in each experiment. The experiments were done three times in duplicate wells.
Xenopus growth cone turning assay. These studies were done to determine whether the GD1a/GT1b-2b mAb can affect growth cone behavior directly. Ganglioside expression in growth cones of Xenopus spinal neurons (stage 22-23 embryos) was determined by double labeling with GD1a/GT1b-2b (1:100) and polymerized actin with Alexa Fluor 546-conjugated phalloidin (1:50). GD1a/GT1b-2b binding was detected with FITC-conjugated anti-mouse IgG Abs (1:200; Jackson ImmunoResearch). Some cells were treated with chloroform/methanol (1:1 v/v; 30 min at room temperature) to assess whether Ab binding was to solvent extractable glycolipids. Images were acquired with an upright fluorescent microscope (Nikon Eclipse E600) and analyzed with Open Lab software (Improvision).
Spinal neurons from stage 22-23 embryos were plated 14 -20 h before turning assays as described (Ming et al., 1999 (Ming et al., , 2002 Shim et al., 2005) . Microscopic gradients of GD1a/GT1b-2b mAb (1-2 mg/ml) and MAG (150 g/ml), a known guidance cue (repellent) in this model, were generated in the micropipette as described (Shim et al., 2005) , with heatinactivated MAG (150 g/ml) or control IgG (1-2 mg/ml) as negative controls. Turning assays were performed at 22-25°C, and the turning angle was defined by the angle between the original direction of neurite extension and a straight line connecting the positions of the center of the growth cone at the onset (0 min) and at the end of the 30 min period. Rates of neurite extension were calculated based on the net neurite extension during the assay. Only growth cones of isolated neurons with a net neurite extension of Ͼ5 m over 30 min were included for analysis. Typically, 15-30 neurons were analyzed per condition.
Effect of GD1a/GT1b-2b on axon regeneration in p75-null mice. Some previous studies suggest that gangliosides use tumor necrosis factor receptor p75 as an adapter molecule to induce intracellular signaling (Yamashita et al., 2002; Fujitani et al., 2005) . We examined this hypothesis in our standardized sciatic nerve crush animal model, as described (Lehmann et al., 2007) . Left sciatic nerves of homozygous p75-null mice (The Jackson Laboratory) were crushed 35 mm rostral to the middle toe for 30 s with fine forceps on day 0. Animals were administered six doses of GD1a/GT1b-2b (hollow fiber supernatant containing ϳ2 mg of mAb per dose) or control Abs (n ϭ 4 each) (2 mg of purified mouse IgGs per dose) on days 3, 5, 7, 9, 11, and 13 after surgery by intraperitoneal route. Nerves were harvested from these animals on day 16 after the surgery and embedded in Epon. Epon-embedded thick and thin cross sections were used for quantifying the number of regenerating myelinated and unmyelinated fibers in nerve segments 1 (sciatic) and 2 (tibial) cm distal to the crush site, as described (Lehmann et al., 2007) .
Ganglioside extraction and thin-layer chromatography. Extraction of gangliosides from embryonic DRG was done as described previously (Schnaar, 1994; Schnaar and Needham, 1994) . DRGs from 20 E15 rat embryos were collected, pooled, and homogenized in 0.2 ml of water in a Microfuge tube. Methanol and then chloroform were added to give chloroform/methanol/water (4:8:3), and tissues were then extracted by vortex mixing. After removal of insoluble material by centrifugation, the supernatant was transferred to a fresh Microfuge tube and water was added to give chloroform/methanol/water (4:8:5.6). The biphasic solution was centrifuged again, and the upper phase (containing gangliosides) was loaded onto a tC18 SepPak Light Cartridge. After washing with chloroform/methanol/water (2:43:55) gangliosides were eluted with methanol, the solvent evaporated, and the purified gangliosides were dissolved in a small volume of methanol and analyzed by thin-layer chromatography (TLC) (HPTLC Silica Gel 60; Merck) with chloroform/methanol/0.25% aqueous KCl (60:35:8) as running solvent. Gangliosides were detected with a resorcinolHCl-Cu 2ϩ reagent. Bovine brain gangliosides were used as standards. Immune overlay with GD1a/GT1b-2b and GM1-2b was performed essentially as described previously (Lopez et al., 2008) . Immediately before antibody staining, some TLC plates (as indicated) were treated with Vibrio cholerae sialidase (50 mU/ml) in PBS for 2.5 h at ambient temperature.
Statistical analyses. Data are presented as means Ϯ SEM. Difference between groups were compared with Student's t test or Scheffé's multiple comparison tests after one-way ANOVA. Statistical significance for growth cone turning assays was assessed using bootstrap test. p Ͻ 0.05 was considered significant.
Results

Antibodies inhibit neurite outgrowth of embryonic and postnatal neurons
We initially examined the Ab binding to DRG neurons and found that GD1a/GT1b-2b stains DRG neurons ( Fig. 1 A, B) . Purified ganglioside fractions from embryonic DRG were extracted and analyzed by TLC. As expected for ganglion cells, the ganglioside profile was complex, with ganglioside bands migrating at posi- tions consistent with GD1a and GT1b, as well as other complex gangliosides (GD3, GT1b, GD1b, and GD1a) (Fig. 1C) . To confirm that some of these bands represented gangliosides GD1a and GT1b, TLC-resolved embryonic rat DRG gangliosides were subjected to immunooverlay analysis. Ab GD1a/GT1b-2b stained bands migrating at the level of control GD1a and GT1b, which were greatly diminished by sialidase pretreatment of the plates. Ab GM1-2b detected only trace GM1 in DRG gangliosides but detected bands migrating at the level of GD1a, GD1b, and GT1b after sialidase treatment (which leaves only the internal branched sialic acid on GM1). These data support the conclusion that GD1a and GT1b are expressed in rat embryonic DRGs, as reported previously (Calderon et al., 1995) .
Next we show that GD1a/GT1b-2b mAb significantly inhibited the neurite outgrowth of embryonic and postnatal DRG neurons, but GM1-2b did not induce inhibition in this assay (Fig. 2 B, D,E) . GD1a/GT1b-2b-induced inhibition was dependent on the concentration of the mAb (Fig. 2 F) . Postnatal DRG neurons show a different outgrowth pattern with multiple neurites, in contrast to the rapid unipolar or bipolar neurite outgrowth of embryonic DRG neurons. Postnatal DRG neurons also showed a decreased neurite growth when treated with GD1a/ GT1b-2b, which was assessed by measuring the longest neurite of each cell (Fig. 2G ) and number of branches at a defined distance from the cell body (supplemental Fig. 1 , available at www.jneurosci. org as supplemental material). Neurite outgrowth assay was further conducted on the primary spinal motor neurons to evaluate the Ab effect, and similar inhibition was found on the neurite outgrowth of spinal motor neurons with the mAb GD1a/GT1b-2b (Fig. 2H) .
Because dissociated DRG cultures have both neuronal and glial cells, to address whether the Ab-mediated neurite outgrowth is directly inhibited at the level of axon or Schwann cells, Schwann cell-depleted cultures were generated by repeated AraC treatment. Mixed DRG cultures were plated as above for 24 h. These DRG cultures were continuously treated with AraC (10 Ϫ6 M for 1 week), as described (Melli et al., 2006) , and examined immunocytochemically with anti-S100 and anti-␤-IIItubulin Abs to assess the presence of Schwann cells. Our results showed that, after AraC treatment, Ͻ5% of cells stained for S100 in DRG cultures (Fig. 3A) . For inhibition assays, DRG cultures were treated with AraC as above and then incubated with GD1a/ GT1b-2b (as above) for 24 h, and neurite length was determined as described above. There was a significant inhibition of neurite outgrowth in these Schwann cell-depleted cultures (Fig. 3B) . Because neurite length was assessed at the termination of experiments, the possibility that GD1a/GT1b-2b induces axonal retraction rather than inhibition is not addressed by these experiments. These results support our hypothesis that Ab-mediated inhibition is at the level of the neuron and consistent with the axonal phenotype seen in our previous animal studies (Lehmann et al., 2007) .
Antibodies engage neuronal/cell-surface gangliosides to induce inhibition
This issue was examined in comparative studies on adult DRG neuron cultures generated from wild-type mice and Galgt1-null mice, which lack complex gangliosides including GD1a and GT1b. These cultures were treated with GD1a/GT1b-2b mAb. We found that Galgt1-null DRG neurons were resistant to the inhibitory effects of GD1a/GT1b-2b mAb (Fig. 4 E, F ) , whereas neurons from wild-type mice showed inhibition similar to rat DRG neuron cultures (Fig. 4 B, C) . These studies indicate that Abs engage cell-surface glycans to induce inhibition of neurite outgrowth, which is consistent with our previous in vivo results (Lehmann et al., 2007) . Studies with Fab fragments showed that, compared with bivalent/native Ab, Fabs did not induce inhibition of neurite outgrowth, suggesting that ganglioside crosslinking may be required for inhibition (Fig. 5) . Alternatively, lack of inhibition with Fabs could be attributable to decreased affinity of these monovalent fragments compared with the avidity of parent whole IgG antibody. We found that intracellular inhibitory signaling is not activated in Galgt1-null DRG neurons (see below), which is consistent with our phenotypic data. 
p75 is not involved in Ab-mediated inhibition of axon regeneration
Because gangliosides are confined to the plasma membrane, it has been suggested that intracellular signaling induced by engaging or crosslinking gangliosides could be via recruitment of adapter proteins with cytoplasmic tails. We examined this issue in a sciatic nerve crush model in p75 knock-out animals. Our animal studies demonstrate that GD1a/GT1b-2b mAbs induce severe inhibition of myelinated nerve fibers/axon regeneration in p75 knock-out animals ( Fig. 6 B, C) . Electron microscopic studies were performed to quantify regeneration of unmyelinated nerve fibers, and we found that GD1a/GT1b-2b mAb induced significant inhibition of these nerve fibers at tibial but not sciatic nerve level (Fig. 6 E, F ) . These findings are consistent with our previous results in wild-type mice (Lehmann et al., 2007) . Overall, these results indicate that p75-mediated signaling is not involved in Ab-mediated inhibition of axon regeneration in this model. Therefore, cell culture studies were not undertaken.
GD1a/GT1b-2b mAb activates RhoA and ROCK to induce inhibition of neurite outgrowth
The activation of RhoA and its downstream effector ROCK leads to growth cone collapse and neurite growth arrest, a mechanism that has been extensively studied during the intracellular signaling of the myelin-dependent neurite outgrowth inhibitors MAG, Nogo, and OMgp (oligodendrocyte-myelin glycoprotein) (Grados-Munro and McGee and Strittmatter, 2003) . We asked whether RhoA and ROCK signaling is involved in Ab-mediated inhibition of neurite outgrowth.
Initially, we examined the activation of RhoA in DRG neuronal lysates by ELISA. We found that the incubation of DRG neurons with GD1a/GT1b-2b mAb significantly increases the active form of RhoA (Fig. 7 A, B) compared with GM1-2b and sham Abs (data not shown). This increase in RhoA was time and Ab concentration dependent (Fig.  7 A, B) . This was further confirmed by immunoprecipitation in a pull-down assay. For these studies, we used a neural (NG108-15) cell line because DRG neurons have relatively low levels of RhoA and extremely large quantities of cell lysates are needed for the pull-down assay. In separate studies, we confirmed that GD1a/GT1b-2b mAb inhibits extension of neurites by these cells (supplemental Fig. 2 B, C, available at www. jneurosci.org as supplemental material). Furthermore, NG108-15 is a cell line that can be easily cultured under serum-free conditions. Measurement of active levels of RhoA revealed that GTP-bound RhoA levels were increased by incubation of these cells with GD1a/GT1b-2b (Fig. 7C) .
RhoA activation was also examined in wild-type and Galgt1-null mice to link ganglioside expression with activation of intracellular signaling. We found that there was a significant increase in the active form of RhoA in wild-type DRG neurons, whereas Galgt1-null DRG neurons did not show an increase in RhoA activation after treatment with GD1a/GT1b-2b (Fig. 7D) .
To directly link the Ab-induced activation of RhoA and ROCK with inhibition of neurite outgrowth, molecular and pharmacological approaches were used to prevent the activation of these molecules to abrogate the deleterious effects of the Abs. Molecular studies with DN RhoA showed that DRG neurons transfected with this construct were not inhibited by GD1a/ GT1b-2b mAb (Fig. 8 A, B) . To inactivate RhoA and ROCK pharmacologically, C3-transferase (a molecule that ADP ribosylates RhoA) and Y27632 (well characterized inhibitor) were used, respectively. We found that C3-transferase and Y27632 reversed the inhibitory effects of GD1a/GT1b-2b mAb. Our results showed that Y27632 abolished the inhibitory effect of GD1a/ GT1b-2b completely, whereas C3-transferase reversed the inhib- Figure 6 . GD1a/GT1b-2b mAb induced inhibition of axon regeneration in p75 knock-out mice. A, Light micrographs showing many regenerating myelinated fibers (MF) in sham Ab-treated p75 knock-out animals. B, GD1a/GT1b-2b-treated p75 knock-out mice showed severe inhibition of axon regeneration and only rare regenerating myelinated fibers (arrows) were found. Scale bar, 20 m. C, Numbers of regenerating myelinated fibers in GD1a/GT1b-2b-treated (gray bars; n ϭ 4 each) sciatic (249 Ϯ 29) (SN) and tibial (47 Ϯ 5) (TN) nerves were significantly reduced compared with sham Ab-treated (black bars; n ϭ 4 each) sciatic (1416 Ϯ 166) and tibial (387 Ϯ 32) nerves. D, Electron micrograph showing several unmyelinated fibers (UMF) are present in the tibial nerve of sham Ab-treated p75 knock-out animals. E, Electron micrograph showing both denervated Schwann cell profiles without regenerating sprouts and some Schwann cell profiles containing small number of regenerating unmyelinated fibers in GD1a/GT1b-2b-treated p75 mice. Scale bar, 2 m. F, The number of regenerating unmyelinated fibers in GD1a/GT1b-2b-treated nerves was significantly decreased in tibial nerve and nonsignificantly reduced in sciatic nerve compared with those in sham Ab-treated nerves. *p Ͻ 0.05. itory effects by ϳ50% (Fig. 8C) . The reversal of inhibition with C3-transferase was less than that seen with Y27632, and this is most likely attributable to relatively lower cell permeability of C3-transferase.
GD1a/GT1b-2b modulates growth cone morphology and behavior Growth cone morphology was examined in DRG cultures grown for 24 h and treated short term (30 min) with GD1a/ GT1b-2b mAb. Our results show that, within 30 min, there is a significant decrease in growth cone area and the number of filopodia/growth cone in GD1a/ GT1b-2b-treated group compared with controls ( Fig. 9A-D) . After overnight incubation with GD1a/GT1b-2b, there was a significant increase in number of collapsed growth cones (Fig. 9E) .
Xenopus studies show that GD1a/ GT1b-2b bound to the Xenopus spinal neurons, including their growth cones (Fig. 10 A) . Immunostaining with this mAb was significantly reduced with chloroform/methanol treatment, indicating that these Abs bind glycolipids moieties in Xenopus spinal neurons (data not shown).
To directly test the function of gangliosides in growth cone motility, we performed a growth cone turning assay. Consistent with the notion that localized growth cone collapse leads to growth cone repulsive response, we noted that Xenopus spinal neurons had repulsive turning responses to a gradient of GD1a/GT1b-2b mAb comparable with and similar to MAG-induced repulsive responses (Fig. 10 B, C) . Control IgG did not affect growth cone behavior in turning assays (data not shown).
GBS IgG-mediated inhibition of neurite outgrowth is through activation of RhoA pathway
Studies with patient IgG fractions showed that five of seven patient Abs induced significant inhibition of neurite outgrowth compared with control IgGs (Fig. 11C) . The extent of inhibition induced by different sera/IgG fractions was variable. The IgG fraction-mediated inhibition was not seen in DRG cultures from mice lacking complex gangliosides (Fig. 11 D) , indicating that anti-ganglioside Abs in the IgG fractions mediate inhibitory effects.
Short-term incubation (30 min) of DRG cultures with GBS IgG fractions induced significant but variable amount of activation of RhoA in six of seven patients compared with control IgGs as determined by ELISA (Fig. 11 E) . One GBS IgG fraction (PS7) that did not induce elevation of RhoA also failed to inhibit neurite outgrowth. Another GBS IgG fraction (PS5) induced statistically significant activation of RhoA but did not inhibit neurite outgrowth, but this patient's IgGs induced lowest relative activation of RhoA among the positive samples tested in RhoA activation assay (Fig. 11 E) .
Functional studies showed that pharmacological inhibitors of RhoA and ROCK significantly reversed patient IgG fractionmediated inhibition of neurite outgrowth (Fig. 11F) . Overall, these studies show that the inhibition induced by GBS IgG fractions is via engagement of cell-surface gangliosides and activation of RhoA and its downstream effector ROCK.
Discussion
This study shows that monoclonal and GBS patient-derived antiganglioside Abs inhibit neurite outgrowth in primary neuronal cultures. In our in vitro models, engagement of specific cellsurface gangliosides was necessary for Ab-mediated inhibition of neurite outgrowth. In vivo studies demonstrate that p75 was not involved in Ab-induced inhibition of axon regeneration. Our results indicate that Ab binding to cell-surface glycans leads to outside-in signaling and activation of RhoA and its downstream effector ROCK. These studies suggest that, at a subcellular level, modulation of growth cone morphology and/or growth behavior is involved in inhibition of neurite outgrowth. The current study links autoimmune Abs seen in some patients with GBS and other neuroimmunological disorders to an intracellular signaling pathway, which is important in regulation of neurite/growth cone extension.
The cell culture studies linking anti-ganglioside Abs to activation of a known inhibitory pathway that prevents axon regeneration extends the previous clinical and experimental observations. Several clinical studies indicate that anti-ganglioside Abs are associated with poor/incomplete recovery (Ilyas et al., 1992; Gregson et al., 1993; Simone et al., 1993; Yuki et al., 1993; Jacobs et al., 1996; Bech et al., 1997; Kuwabara et al., 1998a,b; Carpo et al., 1999; Press et al., 2001; Annunziata et al., 2003; Koga et al., 2003; Kaida et al., 2007) . The patients with incomplete recovery almost always have some degree of failure of nerve repair/axon regeneration and target reinnervation (Brown and Feasby, 1984) . These clinical observations suggest that anti- ganglioside Abs can adversely affect the nerve repair process in this disease. This hypothesis was strongly supported by our previous studies indicating that experimental and patient-derived anti-ganglioside Abs inhibit axon regeneration in an animal model (Lehmann et al., 2007; Lopez et al., 2010) . The current study supports the notion that impaired nerve repair induced by autoantibodies is one mechanism of poor recovery in GBS.
Not all anti-ganglioside Abs induce inhibition in our assays as indicated by negative results with GM1-2b mAb and two patient sera with anti-GD1a Abs. We found that GM1-2b mAb did not induce inhibition of neurite outgrowth or activate RhoA (data not shown). This is consistent with our previous studies showing that this mAb binds to both motor and sensory nerve fibers (Gong et al., 2002) but does not induce inhibition in an animal model (Lopez et al., 2010) . We believe that this is very likely attributable to the low affinity of this mAb (Lopez et al., 2010) . In contrast, GD1a/GT1b-2b mAb induced inhibition of neurite outgrowth and associated RhoA and ROCK activation. Our previous studies show that this mAb binds to both motor and sensory fibers and severely inhibits the regeneration of these fibers in animal studies (Gong et al., 2002; Lehmann et al., 2007) . We have linked this mAb to inhibition of axon regeneration via GD1a in animal studies with transgenic Siat8a-null mice that only express a-series gangliosides but not b-series gangliosides, including GT1b. The studies with patient materials show that five of seven sera with IgG anti-GD1a reactivity inhibited neurite outgrowth and activated RhoA. One patient serum did not induce inhibition or activation of RhoA, and another serum induced mild activation of RhoA but failed to inhibit neurite outgrowth. These findings indicate that activation of RhoA is central to the inhibition of neurite outgrowth. Failure of some sera to induce inhibition of neurite outgrowth is compatible with previous work indicating that anti-ganglioside Ab-mediated pathogenecity is quite complex. Anti-glycan Abs with specificity for a ganglioside are not created equally, and these Abs could be different in terms of fine specificity, tissue binding patterns, affinity/avidity, Fcbased effector functions, pathogenecity in experimental models, and other as yet undefined properties Lopez et al., 2010) . Issues such as fine specificity or affinity could not be addressed in this study because of the small amount of serum available to us.
Notably, the anti-glycan Ab-induced morphological and functional changes in the growth cones of primary neurons mimicked those produced by CNS myelin inhibitors. Ab-mediated morphological changes included growth cone simplification and collapse, and similar changes are also produced by CNS myelin/inhibitors of axon regeneration in primary neuronal cultures (Jin and Strittmatter, 1997; Kuhn et al., 1999) . Our in vitro findings, which showed growth cone collapse, are paradoxical to our animal studies demonstrating that anti-glycan Abs induce dystrophic bulbs reminiscent of stalled growth cones (Lehmann et al., 2007) . Similar disparity of growth cone morphology in cell culture and animal studies is also seen with CNS myelin inhibitors Tom et al., 2004) . We believe that one factor that may contribute to this disparate behavior of growth cones is that, in cell culture experiments, the inhibitory ligands (Abs or CNS myelin inhibitors) are either in a soluble state or, if substrate bound, have low effective density compared with animal paradigms, in which these ligands are more likely to be substrate bound (e.g., degenerating myelin) and have higher density (multimeric) interactions with their receptors on neuronal surfaces. An alternative explanation for this paradox is different times of antibody exposure in animal and cell culture studies. We did not determine the time course of dystrophic growth cone formation in our previous animal studies (Lehmann et al., 2007) . However, there are animal data indicating that, in the context of spinal cord injury, dystrophic growth cones can form within 1 d (Tom et al., 2004) . Additional studies are necessary to address this interesting issue. The concept that anti-glycan Abs mimic CNS inhibitors of axon regeneration is further supported by the growth cone turning assays, showing that gradients of GD1a/GT1b-2b mAb induced repulsive turning response, which is also known to be induced by CNS myelin inhibitors . Overall, these findings would support the notion that inhibition of neurite outgrowth in our assays is at least partially mediated via deleterious effects of Abs on the growth cones.
It is not surprising that anti-glycan Abs induced activation of RhoA and ROCK to induce inhibitory/repulsive influences on growth cones because small GTPases of the Rho family, including RhoA, Rac1, and Cdc42, are central regulators of growth cone Figure 8 . GD1a/GT1b-2b mAbs inhibit neurite outgrowth through activation of RhoA and ROCK. A, DRG neurons transfected with GFP-tagged DN RhoA construct (green) are resistant to the inhibitory effects of GD1a/GT1b-2b mAb compared with nontransfected cells; transfected and nontransfected DRG neurons were identified by ␤-III-tubulin staining (red). Scale bar, 50 m. B, GD1a/GT1b-2b-mediated inhibition of neurite outgrowth was significantly reversed in neurons transfected (gray bars) with DN RhoA compared with nontransfected cells (black bars); sham Ab had no effect on transfected and nontransfected cells. C, C3-transferase (RhoA inhibitor) partially reverses GD1a/GT1b-2b mAb induced inhibition, whereas Y27632 (ROCK inhibitor) completely reverses this inhibition. *p Ͻ 0.05. extension, which strictly depend on polymerization and organization of actin filaments (Dickson, 2001; Etienne-Manneville and Hall, 2002; Luo, 2000 Luo, , 2002 Huber et al., 2003) . There is a broad consensus that small GTPase RhoA is central to secondary signaling induced by almost all CNS inhibitors of axon regeneration (Jin and Strittmatter, 1997; Kuhn et al., 1999; Lehmann et al., 1999; Joester and Faissner, 2001; Vinson et al., 2001; Ellezam et al., 2002; Monnier et al., 2003) . Activation of RhoA prevents growth cone extension and it stimulates actinomyosin contractility and stress fiber formation via activation of ROCK (Dickson, 2001; Luo, 2002) . Furthermore, several studies showed that either pharmacologic or genetic approaches inhibiting activation of RhoA or ROCK completely reverse CNS myelinmediated inhibition in neurite outgrowth assays, and the pharmacologic inhibitors of RhoA and ROCK have also enhanced axonal regeneration, albeit marginally, in spinal cord injury models (Jin and Strittmatter, 1997; Kuhn et al., 1999; Lehmann et al., 1999; Vinson et al., 2001; Dergham et al., 2002; Ellezam et al., 2002; Winton et al., 2002; Fournier et al., 2003) . Two previous studies, in the context of MAG, which also showed that the inhibition of neurite outgrowth through the gangliosides is via activation of RhoA and ROCK (Vinson et al., 2001; Yamashita et al., 2002; Mehta et al., 2007) , support our findings. We suspect that Ab-mediated chemorepulsive response in growth cone turning assays are attributable to activation of the RhoA pathway because previous studies have shown involvement of small GTPases/RhoA in growth cone turning responses (Song and Poo, 2001; Yuan et al., 2003; Jin et al., 2005) .
How is it that the signals from gangliosides in the outer leaflet of the plasma membrane are transduced to the inner leaflet of the cell membrane in which signal-transducing proteins, such as RhoA, reside or are recruited? Our studies with Galgt1-null neurons demonstrate that inhibition is dependent on engagement of cell-surface gangliosides by the Abs. The studies with Fab fragments indicate that crosslinking cell-surface gangliosides is important in inducing inhibition of neurite outgrowth. It is not clear how the crosslinking of gangliosides on outer leaflets of the plasma membrane transduces RhoA activation intracellularly because these glycolipids are confined to the outer leaflets of plasma membranes. Recruitment of transmembrane adapter protein(s) is one possible mechanism that could transduce intracellular signaling. This is well exemplified in the case of CNS myelin inhibitors, which bind to glycosylphosphatidylinositol-linked Nogo receptors requiring a neuronal coreceptor for signal transduction. So far, two members of the TNFR family, p75 and/or TROY, have been shown to be necessary for inhibitory signaling (Wang et al., 2002; Wong et al., 2002; Yamashita et al., 2002; Park et al., 2005; Shao et al., 2005) . Two previous in vitro studies, in the context of CNS inhibition, reported that p75 can complex with gangliosides GD1a and/or GT1b to transduce inhibitory signaling (Yamashita et al., 2002; Fujitani et al., 2005) . Another study Figure 9 . GD1a/GT1b-2b mAb induces growth cone collapse in DRG neurons. A, B, Representative images of the growth cones of DRG neurons treated with GD1a/GT1b-2b (B) and sham Abs (A) showing growth cone collapse and loss of filopodia. Scale bar, 5 m. C, Quantitative analysis showed that GD1a/GT1b-2b mAb-treated DRG neurons (30 min) had significant decrease in growth cone area compared with sham Ab-treated group. D, The number of filopodia/ growth cone in GD1a/GT1b-2b-treated group (30 min) was significantly reduced compared with sham Ab-treated neurons. E, There was a significant increase in the number of collapsed growth cones in DRG neurons treated with GD1a/GT1b-2b mAb (overnight) compared with sham Ab or control (no Ab treatment) groups. *p Ͻ 0.05. Figure 10 . GD1a/GT1b-2b mAbs induce repulsive growth cone turning response. A, Xenopus spinal neuron growth cone staining with phalloidin (actin; red) and GD1a/GT1b-2b (green) shows that these neurons express ganglioside moieties. Scale bar, 5 m. B, Growth cone turning responses to a gradient of GD1a/GT1b-2b mAb in the pipette (at top right corner) at the start (0 min) and end (30 min) of exposure. Superimposed trajectories of neurite extension during this period for a sample of 10 neurons are shown on the right. Scale bars: 20 and 10 m in left two and right panels, respectively. C, Significant growth cone chemorepulsion with gradients of MAG and GD1a/GT1b-2b mAb compared with heat-inactivated MAG. *p Ͻ 0.05.
examining the same issue did not find involvement of p75 in ganglioside-mediated inhibition of CNS and PNS neurons (Mehta et al., 2007) . Our animal studies in p75 knock-out animals indicate that this molecule is not involved in GD1a/ GT1b-2b mAb-mediated inhibition of PNS axon regeneration. An alternate model proposes that modulation of glycans, including gangliosides, in lipid rafts can by itself transduce intracellular signaling, a concept termed glycosynapse (Hakomori, 2002) . This model, however, does not explain how the signals from gangliosides in the outer leaflet of plasma membrane are transduced to the inner leaflet of the cell membrane in which signaltransducing proteins reside. Whether or not adapter molecule(s) are involved in the anti-ganglioside Ab-mediated activation of intracellular RhoA remains to be determined.
In summary, our studies link disease-relevant and patientderived Abs to inhibition of nerve repair in cell culture models. These studies have allowed dissection of molecular mechanisms that contribute to unsuccessful nerve repair and recovery in patients with Abmediated immune neuropathies. Identification of signaling molecules, which prevent successful regeneration, may allow development of novel therapeutic strategies to enhance nerve repair in patients with GBS and those with other immune neuropathies. Figure 11 . Purified IgG fractions from GBS sera inhibit neurite outgrowth through activation of RhoA and ROCK. A, B, DRG neurons treated with GBS IgG fractions have much shorter neurites (B) compared with control IgG-treated neurons (A). Scale bar, 50 m. C, Five of seven GBS IgG fractions induce significant (but variable) inhibition of the neurite outgrowth. D, IgG fractions purified from GBS patient (PS1; gray bar) induce significant inhibition of neurite outgrowth in wild-type (WT) DRG neurons but not in the Galgt1-null neurons; control IgG fractions (CS; black bar) do not modulate the growth behavior of wild-type and Galgt1-null neurons. E, IgG fractions from six of seven GBS sera can induce significant but variable activation of RhoA in DRG neurons compared with control IgG. F, Treatment with C3-transferase (RhoA inhibitor) and Y27632 (ROCK inhibitor) significantly reverse the inhibitory effects of GBS IgG fractions (PS1). *p Ͻ 0.05.
